Testosterone decrease in men with age has become well established. As such, several modes of testosterone replacement therapy have become available, primarily for supplementation to alleviate the effects of age associated hypogonadism, as manifested by frailty, sarcopenia, poor muscle quality, decreased libido and erectile functions. Recent investigations have found significant association between hypogonadism and cardiovascular disease, type 2 diabetes, obesity and dyslipidemia. The association is more clearly presented in patients receiving androgen deprivation therapy for prostate cancer. Furthermore, testosterone supplementation restores arterial vasoreactivity, reduces proinflammatory cytokines, total cholesterol, and triglyceride levels, and improves endothelial function and insulin sensitivity. Future long term trials should be performed to identify persistent benefits and safety of this treatment.
Introduction
In recent years the interest for hypogonadism in the aging process has seen a surprising increase. The prevalence of low serum total testosterone is approximately 20% by the age of 50 years and 50% by the age of 80 years. 1 In contrast to menopause, in which all women undergo a nearly complete cessation of gonadal estrogen secretion, in men, gonadal androgen secretion decreases gradually and progressively after the age of 30 years, but does not generally cease, and androgen levels remain highly variable in older men. The prevalence of clinical androgen deficiency was recently reported to be about 6 to 12% in middle-aged and elderly men. 2 Almost two decades have passed since the first study on androgen supplementation in elderly men was published. In the United States, prescription for testosterone supplementation has increased over 500 percent since 1993. 3 Testosterone-replacement therapy has been reported to produce a wide range of benefits for men with hypogonadism that include improvement in libido, bone density, muscle mass, body composition, mood, erythropoiesis, and cognition. 4 Despite these well known advantages, androgens in general and testosterone in particular, have been widely believed to be associated with a high risk of cardiovascular disease (CVD) in men. 5, 6 There are three main observations that led previous investigators to presume on the overt effects of testosterone. First, male gender itself was viewed to be an independent risk factor for CVD. The male to female ratio of mortality from vascular disease is 3:1 throughout the world and this ratio is independent of the background prevalence of vascular disease and of other cardiovascular risk factors. 7, 8 Second, large observational 1 studies supported estrogen to show protective effects. 9, 10 Third, abuse of synthetic androgens in high doses by athletes sometimes leads to premature CVD. 7 However, recent literature has improved our understanding of testosterone and its effect on the cardiovascular system. Here we review the effects of low testosterone on the cardiovascular system, and the benefits of testosterone replacement therapy.
Metabolic and Cardiovascular Effects of Hypogonadism

Increased CVD and hypogonadism
The simple observation that there is a significant sex difference in the morbidity and mortality of CVD has made it tempting to conclude androgens are responsible for the elevated cardiovascular risk in men. 11 A related hypothesis is that the lack of estrogens in men might be the cause of the difference in cardiovascular sex risk. However, in recent years there have been significant counterarguments. A major counterargument is based on the geographic and ethnic differences in the prevalence of CVD. 12 Morbidity and mortality from CVD in Northern and Eastern Europe compared with Southern Europe and Japan varies from 5 to 10 fold. 13 This suggests that other risk factors may be more important than sex. The narrowing sex gap after middle age adds another counterargument minimizing a possible causative role of sex hormones in CVD. The multifactorial nature of the pathogenesis of atherosclerosis minimizes the importance of testosterone as a single explanatory factor of the sex difference.
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Androgens have been shown to be important for survival in that a number of studies have linked androgen deficiency to increased mortality in men.
14 In a comprehensive review in 2003, 39 observational studies were reported: 32 were cross sectional studies, 16 showed no association, and another 16 showed that lower testosterone was associated with high prevalence of CAD. No single study showed an association between increased testosterone level and symptoms of CAD. 12 The Massachusetts Male Aging Study followed 1,686 men longitudinally for over 15 years and found a weak association. 2 In a retrospective review of 858 patients with multiple testosterone measurements, 40 years or older, without history of prostate or testicular cancer or anti androgen treatment, Shores et al. 1 found an increased mortality [hazard ratio 1.88] in men with low testosterone (Fig. 1) . Several studies discuss the potential mechanisms pertaining to androgen deficiency and mortality. Reduced T levels are associated with increased cardiovascular risk factors, such as increased fat mass and subsequent death. Hypogonadism is thought to contribute to development of the metabolic syndrome, which increases CVD risk (Fig. 2) . 15 In a study of 1896 nondiabetic middle-aged men, patients with metabolic syndrome had a significantly higher waist to hip ratio, fasting glucose, triglyceride, C-reactive protein (CRP), fibrinogen levels, and lower high density lipoprotein (HDL) levels, compared with controls, all of which were related to an increased risk of CVD. 
Insulin resistance and hypogonadism
Studies of healthy population have shown inverse relationship between testosterone and insulin levels. 17, 18 Low plasma testosterone levels are commonly observed in men with type 2 diabetes and insulin resistance. 19 Hypogonadism and type 2 diabetes are often diagnosed in the same patient. 20 Hypogonadism was more prevalent in diabetic patients with increasing body-mass index (BMI), or those who were severely 14 obese (BMI＞40). Insulin is an important regulator of sex hormone binding globulin (SHBG) production by the liver. In vitro studies have shown that insulin in physiologic concentrations was a potent inhibitor of SHBG production by cultured hepatoma cells. 18 Pasquali 21 elucidated these relationships by inducing glucose abnormalities with diazoxide in healthy human subjects and in men with obesity but no diabetes. They found that insulin was capable of stimulating testosterone production in vivo and simultaneously reducing SHBG concentrations in both normal and obese men. The effect of insulin on SHBG and testosterone is more pronounced in comparison of type 1 diabetes, in which patients have low insulin and normal testosterone levels, and type 2 diabetes, in which patients have high insulin and low testosterone levels. 22 While the association between SHBG and insulin resistance has been known for some time, 23 recent findings suggest that this is a secondary mechanism mediated by high levels of monosaccharides in serum which reduce SHBG production in hepatocytes. 24 Other studies have shown association between CAG repeats of androgen receptor (AR) and serum insulin levels. 25 While further investigation is required to elucidate the nature of association between hypogonadism and insulin resistance, current conclusions indicate both testosterone and SHBG are predictive of development of diabetes and metabolic syndrome. 
Obesity and hypogonadism
Obesity is the most common cause of insulin resistance. 18 Certain patterns of fat distribution are more closely related to increased incidence of diabetes and CVD. Abdominal or central obesity, as assessed by waist/hip ratio, is an essential component of metabolic syndrome and more strongly linked to the development of impaired glucose tolerance. Visceral fat, which constitutes a significant proportion of the intra-abdominal fat, has certain characteristic anatomical and metabolic features. 18 In men there is an inverse relationship between serum testosterone levels and visceral fat mass. The prevalence of obesity in ageing men has increased and is a strong predictor for testosterone deficiency seen in ageing males. Hypogonadal men also have a reduced lean body mass and an increased fat mass. Changes in total and free testosterone concentrations are reversible with weight loss. 27 Underlying mechanism responsible for the reduced testosterone levels in obese men is unknown. The reduction in free testosterone seen in massive obesity is not accompanied by a reciprocal increase in luteinizing hormone (LH), suggesting a form of hypogonadotropic hypogonadism. 28 In women, SHBG decrease with obesity. Central obesity has lower SHBG concentration than peripheral obesity. Central obesity has a higher testosterone production rate. Percentage free testosterone fraction tends to be higher in women with central obesity. 21 In the obese male total and free testosterone blood concentration levels progressively decrease with increasing body weight. The reduction is associated with progressively decreasing levels of SHBG concentrations. LH and follicle-stimulating hormone (FSH) levels are usually normal or slightly reduced, as are gonadotropin responses following luteinizing hormone releasing hormone (LHRH) stimulation. Both SHBG and testosterone are negatively correlated with insulin levels. Such an inverse relationship is due to the ability of insulin to inhibit hepatic SHBG synthesis in the liver. 21 Obese males usually express a characteristic hormonal profile described as "hyperestrogenic hypogonadotropic hypogonadism". 29 The origin of hypoandrogenism in obese males is multifactorial. It is primarily attributable to an increase in circulating estrogens that appear to result in relative hypogonadotropism, although the diminished levels of SHBG in obese individuals will by itself result in reduced total testosterone levels. Weight correlates negatively with blood testosterone levels and testosterone/estradiol ratio. 29 Both estrone and estradiol are increased in obese males compared to controls. 30 Aromatization of C19
androgens like testosterone and androstenedione is a key step in estrogen biosynthesis and is catalyzed by the aromatase enzyme. Increase in estrogens in obese males is due to increased conversion of adrenal and testicular androgens owing to the increased available aromatase enzyme in fatty tissue. 29 Aromatase inhibition increases testosterone levels and decreases estradiol in non obese males, and such "correction" of hypoandrogenism in obese males during aromatase inhibition is an extension of a general effect of such medications. 29 However, the concept that increased estrogen availability in human obesity may play a role in determining abnormalities of androgens contradicts the emerging role of estrogens in the regulation of adipose fat function and morphology. 21 Male patients with estrogen resistance caused by a mutation of the estrogen receptor gene 31 or estrogen deficiency due to aromatase gene mutation 32 tend to be overweight and to present with glucose intolerance and insulin resistance. 21 Recent studies on animal models have provided clear evidence of the importance of estrogens and estrogen receptor α signaling in the regulation of fat mass. In fact, aromatase-deficient mice and male and female estrogen receptor α-knockout (αERKO) mice become obese with aging. Given the emerging evidence on the regulatory effects of estrogens on adipose tissue, much more convincing studies should therefore be performed to support the concept that increased estrogen production rate may be responsible for disparate sex-dependent alterations of androgen secretion and metabolism in obesity.
Lipid profile change in hypogonadism
Khaw et al 33 followed 11,606 men aged 40 to 79 years in a nested case-control study found mean testosterone concentrations were lower in men who died of any cause, CVD, or cancer than in control subjects. Men who died of cardiovascular causes also had significantly higher mean body mass index, serum cholesterol, and low density lipoprotein (LDL): HDL cholesterol ratios. Testosterone concentrations were significantly inversely related to body mass index, waist-hip ratio, triglycerides, and prevalence of diabetes mellitus and were positively related to total cholesterol, LDL cholesterol, and HDL cholesterol concentrations and to cigarette smoking habit. In a cross sectional study of 715 healthy middle aged men, Van Pottelbergh et al 34 found positive association between physiological free testosterone and HDL-Cholesterol, which was independent of estradiol, the aromatization product of testosterone. In a nested case-control study between normal and low testosterone groups of 25 men each, Simon et al 17 found low testosterone was associated with significantly higher serum triglycerides, LDL cholesterol and lower HDL cholesterol. These results imply potential disadvantage of low testosterone in cardiovascular (CV) events.
Androgen deprivation therapy
Androgen deprivation therapy (ADT) is widely used in patients with prostate cancer. ADT improves cancer related symptomatology and quality of life. Clearly established consequences of ADT include sexual dysfunction, decreased lean body mass, decreased quality of life, and osteoporosis. 4 In addition, ADT has been found to induce a series of detrimental changes in metabolic status. A 48 week study of 40 men treated with ADT for prostate cancer demonstrated an average body mass increase of 2.4%, fat mass increase of 9.4% and lean body mass increase of 2.7%. 35 A follow up study by this group showed combined androgen blockade of leuprolide and bicalutamide for 12 weeks led to a 63% increase in insulin levels and decreased in-a 12 month follow up of 20 patients undergoing ADT for prostate cancer. Compared with 18 age matched localized prostate cancer patients not receiving ADT and 20 age matched controls, the ADT group showed increased abdominal obesity and hyperglycemia, along with elevated triglycerides and an overall higher prevalence of metabolic syndrome. 37 This group also studied the effects of ADT on insulin resistance with a similar component of patients. 38 After 12 months follow up, patients showed increased insulin resistance (as represented by HOMA index), elevated baseline glucose and hyperinsulinemia. In a large population based study of 14,597 men being treatment with ADT, treatment with gonadotropin releasing hormone (GnRH) agonists was associated with increased incidence of diabetes, coronary artery disease (CAD), myocardial infarction and sudden cardiac death. 39 However a recent review notes that long term follow up data almost entirely consist of cross sectional studies, suggesting long term prospective trials are required to establish a causative relationship.
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Testosterone Replacement Therapy
While, during the past decade, several studies have shown an association between hypogonadism and metabolic or cardiovascular dysfunctions, whether testosterone replacement can reverse these effects requires further evaluation. Recent studies, however, have presented promising results.
Testosterone replacement therapy in CVD: improvement of cytokine milieu, body composition and ischemic threshold
The improvements in short term cardiovascular function has been attributed to various effects either directly by testosterone, or indirectly through aromatization. 41 Older studies indicate testosterone therapy relieved symptoms of angina and peripheral vascular disease. 42 Recent animal studies also show testosterone having acute effect in dilatation of the coronary and pulmonary arteries. 43 It is believed that testosterone causes both endothelium dependent and endothelium independent vasodilatation. The former is achieved by an increased release of nitric oxide from endothelium, whereas the latter by blocking of calcium channels and/or opening of potassium channels. 44 Recent in vitro studies have demonstrated that testosterone inhibits L-type calcium channels which is the same site of action as the dihydropyridine calcium antagonist nifedipine. 45 More direct evidence was shown by Webb et al 46 by infusing testosterone to 13 men with CAD.
Testosterone, administered acutely at physiological concentrations, induced coronary artery dilatation up to 4.5% and increases coronary blood flow up to 17.4% in men with coronary atherosclerosis. Significant evidence has also accumulated to show beneficial effects of testosterone on the improvement of the cytokine milieu. Patients with CAD have elevated circulating levels of cytokines and C-reactive protein, with higher levels present in those with unstable angina or acute myocardial infarction. 47, 48 Angiographic studies have shown that infarcts are reported in even vessels with stenosis of less than 70%. 49 Clinical manifestations of coronary atheroma are not directly related to the local burden of atheroma but to the amount of plaque inflammation. 50 The initial process of atheroma formation involves chemotaxis of monocyte chemoattractant protein-1 (MCP-1) by endothelial cells reacting to accumulation of cholesterol in the arterial wall (Fig. 3) . As a result monocytes and macrophages infiltrate the vessel wall and produce inflammatory cytokines, including tumor necrosis factor (TNF). The stability of the fibrin cap in affected by the continuing inflammation, as T-lymphocytes produce γ-interferon, reducing the production of fibrin and inhibiting smooth muscle proliferation. Activated macrophages produce matrix metalloproteinases, digesting and breaking down the plaque matrix. TNF and interleukin-1β promote the release of these digestive enzymes, while anti-inflammatory cytokines such as interleukin (IL)-4 and -10 reduce matrix metalloproteinase (MMP) activity. The balance of stimulatory and inhibitory cytokines is crucial to the stability of the plaque. 50 There is evidence from several studies that androgens possess immune-modulating properties. Androgens have been shown to suppress the activity of pro-inflammatory cytokines while enhancing that of anti-inflammatory factors. Investigating changes of inflammatory cytokines in 29 patients with idiopathic hypogonadotropic hypogonadism (IHH), patients showed greater degree of inflammatory activity compared to healthy control, while testosterone therapy resulted in decreased overall circulating cytokines. 51 Inverse relationship has also been found between testosterone and plasminogen activator inhibitor I, fibrinogen and factor VII. 52 Cell culture studies also show testosterone to reduce expression of pro-inflammatory cytokines such as TNF-α, interleukin 1 and interleukin 6 in human vascular endothelium, monocytes and fibroblasts. 53 While most studies agree that testosterone replacement therapy improves body composition, with increased muscle mass and decreased central obesity, [54] [55] [56] several discrepancies have been reported concerning changes in serum lipid profiles. Alterations in HDLcholesterole under testosterone therapy are usually described as a slight decline. [57] [58] [59] Wang et al. investigated the effect of testosterone gel on 142 patients for 42 months, reporting no significant change in serum LDL and cholesterol, but a slight increase in serum HDL levels. Despite the modicum changes in lipid profile, patients showed significant improvements in body composition. Zitzmann et al 25 also showed an increased HDL and decreased LDL and cholesterol levels with intramuscular injections in 66 patients, further noting that the discrepancy may develop following longer observational periods where the lipid profile adopts the changes to body composition. These results are further compounded by the various routes of administration, patient selection and duration of these studies. Further investigation is required to make a definite statement on these matters. A short term study of testosterone of twelve men with CAD or proven myocardial infarction showed significant changes in improvement in ischemic threshold parameters, presented as increase in time to 1 mm ST depression during Bruce protocol exercise treadmill testing. 41 Furthermore, this study showed concurrent evidence of total cholesterol and serum tumor necrosis (Fig. 4) . 62 Kapoor et al 54 
Conclusion
Androgen deficiency and the possible cardiovascular risks it pertains is a developing field of investigation.
The past decade has seen explosive amount of interest toward both the detriments of hypogonadism as well as the benefit of testosterone replacement therapy.
Current results propound the association of the hypogonadal state with increased risk of cardiovascular and metabolic dysfunctions. Results have shown obesity, dyslipidemia and insulin resistance was also associated with hypogonadism, as well as a significant increase in the risk of cardiovascular mortality. These effects are all the more succinctly presented in ample amounts in patients with prostate cancer undergoing androgen deprivation therapy. Studies into the molecular mechanism of androgens on vascular endothelial cells and atheroma development have also shown hypogonadism was associated with a change in the cytokine milieu towards pro-inflammatory configurations.
In parallel to these findings, recent development of alternative methods of testosterone delivery to avoid the hepatic comorbidities of earlier methods have gleaned upon the benefits of testosterone replacement therapy. Studies have shown testosterone replacement not only to improve lean body mass, libido and sexual function, but also to improve insulin sensitivity, lower fasting glucose levels in type 2 diabetics, improve ischemic threshold and lower the risk of mortality in patients with CVDs. These benefits have been found to be brought about by improving the lipid profile and abating inflammatory cytokine production.
However, most of the intervention studies had too few patients observed across too short a study period. It is evident that long term data is still lacking. Further long term, double blind, randomized, placebo controlled clinical trials must be carried out to validate hypogonadism as an important and significant risk of cardiovascular and metabolic dysfunctions, as well as to elucidate the role of testosterone replacement therapy in these patients.
